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ABSTRACT 
 
 The transition of cubic indium hydroxide to cubic indium oxide has been studied by 
thermogravimetric analysis complimented with hot stage Raman spectroscopy.  Thermal 
analysis shows the transition of In(OH)3 to  In2O3 occurs at 219°C.  The structure and 
morphology of In(OH)3 synthesised using a soft chemical route at low temperatures was 
confirmed by X-ray diffraction and scanning electron microscopy.  A topotactical 
relationship exists between the micro/nano-cubes of In(OH)3 and In2O3.  The Raman 
spectrum of In(OH)3 is characterised by an intense sharp band at 309 cm-1 attributed to ν1 In-
O symmetric stretching mode, bands at 1137 and 1155 cm-1 attributed to In-OH δ deformation 
modes, bands at 3083, 3215, 3123 and 3262 cm-1 assigned to the OH stretching vibrations.  Upon 
thermal treatment of In(OH)3 new Raman bands are observed at 125, 295, 488 and 615 cm-1 
attributed to In2O3. Changes in the structure of In(OH)3 with thermal treatment is readily 
followed by hot stage Raman spectroscopy.   
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INTRODUCTION 
 
Indium hydroxides and oxides are a series of important semiconductor materials, 
which have attracted much attention in the past decade.  In(OH)3 is a wide-gap 
semiconductor with Eg = 5.15 eV,[1] which has potential applications in photocatalytic, 
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electronic, and solar energy fields.[2-4]  While In2O3 is known as n-type semiconductor with 
a direct band gap of 3.6 eV (which is close to that of GaN [5] ) and an indirect band gap of 
2.6 eV.[6]  In2O3 has been used widely as solar cells, transparent conductors and sensors.[7-
11]  
 
In recent years, In(OH)3 and In2O3 with various morphologies (e.g. nanowires,[12] 
nanobelts,[13] nanorods,[14] nanotubes[15] and nanospheres,[16] etc.) have been synthesised 
via different  methods, such as chemical vapour deposition, hot-injection techniques, organic 
solution synthetic routes, hydrothermal methods, and solvothermal and others.  It is known 
that cubic particles expose a specific surface, which provides an ideal model for the study of 
surface related properties,[17] and connecting these cubic particles into microscale devices 
may provide future applications. In particular, the production of indium hydroxide and 
indium oxide micro/nano-cubes has been realized up to now. There are several reports on 
synthesis of indium hydroxide micro/nano-cubes via hydrothermal routes. [6, 17] However 
the characterisation on indium hydroxide and oxide micro/nano-cubes is not fully recorded 
yet, or appreciated, especially the thermal analysis and spectroscopic studies.  
 
The underlying objective of this research is to synthesise an adequate indium oxide 
semiconductor [18-20].  The properties of these semiconductors depend very heavily on the 
synthesis method and preparation of the indium oxide [1, 21].  Therefore the aim of this 
research is to demonstrate the use of thermal analysis and hot stage Raman spectroscopy to 
assess the thermal stability of indium hydroxide, and to determine the changes in the 
molecular structure of the material as the indium hydroxide is thermally treated.  Such 
research compliments the thermal analysis and differential thermogravimetric analysis of 
materials [22-36].    It is reported that many factors, such as disorder, size and shape 
distribution, can all influence the thermoanalytical properties and vibrational properties. 
Moreover, the vibrational properties of semiconductors are also strongly affected by 
temperature. An increase in temperature introduces perturbations in the harmonic potential 
term, which changes the vibrational properties. There are only limited thermal Raman 
spectroscopic studies of synthetic nanomaterials or micromaterials have been forthcoming, 
for example GaO(OH) nanorods.[37]  In the present work, we report the thermal analysis and 
hot-stage Raman spectroscopy of cubic indium hydroxide, and study the transition of cubic 
In(OH)3 to cubic In2O3, relating the spectra to the structure and morphology of the 
synthesised materials. 
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EXPERIMENTAL  
 
The method of preparation the cubic indium hydroxides materials reported in our research is 
self-assisted hydrothermal synthesis route, which is simply equipped and environmentally 
friendly, with high efficiency, low cost. No surfactants or templates are used and need to be 
removed later, under the synthesised conditions nanoparticles can undergo self-assembly and 
form particular structures. The electronic and optical properties of these structures are 
dependent on both the initial nanoparticles and the manner in which they organized [21]. 
 
Synthesis of In(OH)3 cubic materials 
Analytical grade In(NO3)3•5H2O and ammonia solution (wt 28%) were used as precursor to 
prepare the indium hydrate precipitate. 3 g of In(NO3)3•5H2O was dissolved in 15 mL 
ultrapure water, and 28% ammonia was diluted into 10% solution. At room temperature, 
10 % ammonia solution was added dropwise into the indium ions solution while stirring 
vigorously. Stop adding ammonia when the pH value of the reaction mixture reached 8, and 
then kept the mixture stirring in the air at room temperature for 0.5 hour. The obtained 
mixture was filtrated, and then transferred into a Teflon vessel (125 mL) together with 2 mL 
ultrapure water. Sealed the Teflon vessels and heated it at 180 ºC for 2 days. The resulting 
material was washed with ultrapure water by centrifuging, and dried at 35 ºC for 3 days. 
Finally, the obtained In(OH)3 sample was calcined in a furnace at 500 ºC for 4 h to form 
In2O3 product. 
 
X-ray diffraction 
 
X-ray diffraction (XRD) analyses were performed on a PANalytical X’Pert PRO X-ray 
diffractometer (radius: 240.0 mm). Incident X-ray radiation was produced from a line focused 
PW3373/10 Cu X-ray tube, operating at 40 kV and 40 mA, wavelength of 1.540596 Å. 
 
Scanning Electron Microscopy 
 
The scanning electron microscopy (SEM) images were taken with a FEI Quanta 200 
operating at 25 kV. The specimens were mounted on SEM mounts with carbon tape and 
sputter-coated with a thin layer of gold. 
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Raman microprobe spectroscopy 
 
The crystals of In(OH)3 were placed and oriented on the stage of an Olympus BHSM 
microscope, equipped with 10x and 50x objectives and part of a Renishaw 1000 Raman 
microscope system, which also includes a monochromator, a filter system and a Charge 
Coupled Device (CCD). Raman spectra were excited by a 633 nm laser at a resolution of 2 
cm-1 in the range between 100 and 4000 cm-1.  Repeated acquisition using the highest 
magnification was accumulated to improve the signal-to-noise ratio. Spectra were calibrated 
using the 520.5 cm-1 line of a silicon wafer. Details of the technique have been published by 
the authors.  Spectra at elevated temperatures were obtained using a Linkam thermal stage 
(Scientific Instruments Ltd., Waterford Surrey, England). Spectra were taken from room 
temperature (25 ºC) at 50 ºC intervals up to a temperature of 550 ºC in order replicate the 
acquisition of data in the TGA-MS plots.  Spectral Manipulation such as baseline adjustment, 
smoothing and normalisation was performed using GRAMS® software package (Galactic 
Industries Corporation Salem, NH, USA). 
 
Band component analysis was undertaken using the Jandel ‘Peakfit’ software package, 
which enabled the type of fitting function to be selected and allows specific parameters to be 
fixed or varied accordingly. Band fitting was done using a Lorentz-Gauss cross-product 
function with the minimum number of component bands used for the fitting process. The 
Lorentz-Gauss ratio was maintained at values greater than 0.7 and fitting was undertaken 
until reproducible results were obtained with squared correlations of r2 greater than 0.996. 
 
 
Thermal Analysis 
 
Thermal decomposition of the indium hydroxide sample was carried out in a TA® 
Instruments incorporated high-resolution thermo gravimetric analyser (series Q500) in a 
flowing nitrogen atmosphere (60 cm3 min–1). Approximately 35 mg of sample underwent 
thermal analysis, with a heating rate of 5 °C/min, with resolution of 6 from 25 to 1000°C. 
With the isothermal, isobaric heating program of the instrument the furnace temperature was 
regulated precisely to provide a uniform rate of decomposition in the main decomposition 
stage. 
 
5 
 
RESULTS AND DISCUSSION 
 
Thermal Analysis 
 
In order to confirm the results obtained from the hot stage Raman spectroscopy, 
thermogravimetric analysis was undertaken.  Figure 1 shows typical the TG-DTG curve of 
the synthesised indium hydroxide In(OH)3. A large mass loss is observed at 219 ºC. The total 
mass loss of 15.76% is in good agreement with the value of 16.28% calculated by assuming 
the following thermal decomposition: 2In(OH)3→In2O3+3H2O.  A small mass loss at 197°C 
of 0.35% is observed.  This mass loss step is attributed to the thermal decomposition of 
InO(OH), some of which is formed during the synthesis of the In(OH)3. The reaction is 
2InO(OH) →In2O3+H2O.  The results of the thermal analysis are in harmony with the results 
inferred from hot stage Raman spectroscopic results (see below). Both techniques show the 
transition occurs between 200 and 225 °C.   
 
X-ray diffraction 
 
X-ray diffraction (XRD) was used to determine the phase structure of the as-synthesised 
In(OH)3 and its thermally manufactured products (In2O3).  Figure 2 shows the typical XRD 
patterns of the synthetic In(OH)3 and In2O3 and all the diffraction peaks of these XRD 
patterns could be perfectly indexed to those of body-centred cubic In(OH)3 with a lattice 
constant a = 7.9743 Å  (JCPDS Card No. 01-076-1463) and In2O3 (JCPDS Card No. 01-071-
2195) . The miller indices are used to label the diffraction peaks.  No XRD peaks 
representing other crystalline phases were detected, indicating that the final product exhibited 
excellent crystallinity and high purity. Figure 2 also shows the calcined product of In(OH)3 is 
purely In2O3. No other materials were found.  Thermal treatment of In(OH)3 results in the 
formation of In2O3. 
 
Scanning Electron Microscopy  
 
Scanning Electron Microscopy (SEM) is a well-known microscopy technique heavily used in 
material sciences for the study of the morphology of materials. Figure 3a and 3b compare the 
morphology of the In(OH)3 and its thermally treated product In2O3 after treatment at 500 ºC 
for 4 h. Figure 3a clearly shows the cubic nature of the In(OH)3. The cubes are 
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monodispersed and are between 300 and 400 nm.  Figure 3b displays the morphology of the 
thermally treated In(OH)3.  It is noted that the cubic morphology is retained in the In2O3. It is 
apparent there is a topotactical relationship between the In(OH)3 and the In2O3 micro/nano-
cubes. Some shrinkage of the micro-micro/nano-cubes is observed upon thermal treatment.   
 
 
Raman spectroscopy 
 
Many minerals both natural and synthetic lend themselves to analysis by Raman 
spectroscopy. The great advantage of Raman spectroscopy is that just so long as the materials are 
1 micron in size or larger then individual cubes can be analysed as is the case for In(OH)3 as 
shown above.  In order to study the changes in the spectra of In(OH)3 as the nanomaterial is 
thermally treated it is necessary to describe the spectra collected at room temperature.  Figure 4 
depicts the Raman spectra of cubic In(OH)3 in the 100 to 700 cm-1 region. The spectrum is 
dominated by an intense band at 309 cm-1.  This band is attributed to the ν1 In-O symmetric 
stretching vibration.  Two additional bands are found at 356 and 391 cm-1.  These bands are 
attributed to the ν3 In-O antisymmetric stretching vibrations.  Low intensity bands are observed at 
142, 186, 208 and 227 cm-1.   The three bands at 186, 208 and 227 cm-1 are assigned to the O-In-
O bending modes.  Two low intensity Raman bands are found at 660 and 670 cm-1.   
 
 Figure 5 shows the Raman spectrum of cubic In(OH)3 in the 950 to 1200 cm-1 region. 
The spectrum is composed of a broad band centred upon 1044 cm-1 together with two overlapping 
bands at 1137 and 1155 cm-1.   These bands are assigned to In-OH δ deformation modes.   The 
Raman spectrum in the hydroxyl stretching region is shown in Figure 6. A complex set of 
overlapping bands are observed which may be decomposed into selected component bands at 
3083, 3215, 3123 and 3262 cm-1.   These bands are attributed to the OH stretching vibrations.   
 
Hot Stage Raman spectroscopy 
 
 The hot stage Raman spectroscopy of the transition of In(OH)3 to In2O3 in the 100 to 
800 cm-1 region over the temperature range ambient to 400°C are displayed in Figure 7.  The 
base-lined and curve resolved spectra at 150 and 400 °C are reported in Figure 8. The Raman 
spectra in Figure 7 clearly shows the loss of intensity in the Raman bands at 137, 204, 307, 
356, 390 and 659 cm-1 with temperature increase.   No Raman bands or bands of very low 
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intensity are observed in the spectra collected at 300 to 350°C. It is proposed the thermally 
decomposed indium hydroxide goes through a recrystallisation stage over this temperature 
range.  At temperatures of 400°C and above new Raman peaks are observed at 125, 295, 488 
and 615 cm-1.  These bands are attributed to the new phase formed by the thermally 
decomposed In(OH)3 that is In2O3.   The changes in the spectra are clearly seen in Figure 8. 
According to group theory the bands are assigned as follows 615 cm-1 (E2g), 488 cm-1 (A1g), 
295 cm-1 (E1g).  According to Wang et al.  Raman bands at 630, 497, 366 and 307 cm-1 
belong to the vibrational modes of the bcc-In2O3.  The position of the bands differs from 
those reported in this research. There are few papers on the Raman spectroscopy of Indium 
oxide.  A number of phases exist.  Liu et al. [38] studied the effect of pressure on the Raman 
spectra of In2O3 in the 100 to 700 cm-1 region up to a pressure of 26 GPa.  These authors 
identified a phase transition of In2O3 at high pressures.  
 
 The Raman spectra in the OH stretching region at 25, 200 and 400 °C are shown in 
Figure 9.  Clearly the intensity of the bands in the OH stretching region at 2844, 3079 and 
3240 cm-1 diminish in intensity. No intensity remains in these bands at 300 °C.  At 400 °C, a 
very weak band is observed at 3637 cm-1. The band may be due to the OH stretching 
vibration of OH units from the intermediate compound InO(OH).  No intensity remains in 
this band at 550 °C. Evidence for these changes is also observed in Figure 10 in which the 
Raman spectra of the 800 to 1800 cm-1 region are displayed.  Raman bands are observed at 
1037and 1135 cm-1 with other low intensity bands observed at 1288, 1453 and 1593 cm-1.  
The intensity of these bands approaches zero at 200 °C. Intensity is observed only in the band 
at 1120 cm-1.   New Raman bands appear in the 300 and 350 °C spectrum at 1333 and 1569 
cm-1.  It is thought that these bands are associated with InO(OH).   
 
 
 
CONCLUSIONS 
 
Micro and micro/nano-cubes of In(OH)3 were synthesised by using soft chemical 
techniques without surfactants at low temperatures.  The conversion of In(OH)3 to In2O3  
cubes was achieved by thermal treatment.  The phase composition was proven by X-ray 
diffraction and SEM showed there was a topotactical relationship between the micro and 
micro/nano-cubes of In(OH)3  and micro and micro/nano-cubes of In2O3.  The transition of 
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In(OH)3 to In2O3 was studied by hot stage Raman spectroscopy and thermogravimetric 
analysis.   
 
The In(OH)3 micro/nano-cubes are characterised by Raman spectroscopy. An Intense 
Raman band at 309 cm-1 is assigned to the ν1 symmetric stretching mode of In(OH)3. The 
intensity of this band decreases as the temperature increases to 300 °C after temperature 
which no intensity remains. A new band at 295 cm-1 is observed above this temperature and 
is attributed to the ν1 symmetric stretching mode of In2O3.  The intensity of the two Raman 
bands at 3079 and 3240 cm-1 attributed to the OH stretching bands of In(OH)3 decrease in 
intensity until at temperatures above 200 °C no intensity remains. At the same time the 
intensity of the Raman band at 1135 cm-1 assigned to the δ In-OH deformation modes 
decrease in intensity such that at 250 °C no intensity remains. Raman spectroscopy shows 
that the transition of In(OH)3 to In2O3 occurs in the 200 to 225 °C temperature range. Such a 
transition temperature was confirmed by thermal analysis.  
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Figure 1 Thermal analysis of In(OH)3 
 
Figure 2  XRD patterns of synthetic In(OH)3 (a) and its thermally treated products In2O3 (b). 
The peaks are labelled with their Miller indices.   
 
Figure 3  SEM images of synthetic In(OH)3 (a) and its thermally treated products In2O3 (b) 
after 500 ºC for 4 h. 
 
Figure 4 Raman spectrum of In(OH)3 in the 100 to 700 cm-1 region 
 
Figure 5 Raman spectrum of In(OH)3 in the 950 to 1200 cm-1 region 
 
Figure 6 Raman spectrum of In(OH)3 in the 2600 to 3600 cm-1 region 
 
Figure 7 Hot stage Raman spectra of In(OH)3 in the 100 to 800 cm-1 region 
 
Figure 8 The base-lined and curve resolved Raman spectra of In(OH)3 at 150 and 400 °C  
 
Figure 9 Hot stage Raman spectra of In(OH)3 in the 2400 to 3900 cm-1 region 
 
Figure 10 Hot stage Raman spectra of In(OH)3 in the 800 to 1800 cm-1 region 
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Figure 3a Image of In(OH)3 synthesised at 
180 °C 
Figure 3b Image of In2O3, product of as-
synthetic In(OH)3 calcined in a furnace 
at 500 ºC for 4 h. 
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